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G1/S transition of the cell cycle is blocked when cells are cultured without cell adhesion, even if nutrients and serum
are present. Shift experiments involving transfer from adhesion to suspension cultures have revealed that cell adhesion in
the early half of G1 phase is required for induction of DNA synthesis. We found that activation of p42/p44 mitogen-activated
protein (MAP) kinases, one of the earliest responses induced by serum stimulation, was also dependent on cell adhesion
in rat F2408 and mouse Swiss3T3 fibroblast cell lines, suggesting that MAP kinase activation is a critical step in adhesion-
dependent G1 progression. F2408 cell lines transformed by the v-src, v-K-ras, and v-mos oncogenes showed constitutively
high MAP kinase activity, even in the absence of serum and cell adhesion, while both serum stimulation and cell adhesion
were necessary to induce intensive activation of MAP kinase in a F2408 cell line transformed by the E6 and E7 genes of
human papillomavirus type 16, as well as in untransformed F2408. q 1996 Academic Press, Inc.
Mitogens such as growth factors, nutrients, and cell dish surface was covered with 0.5% agar and the cells
attachment to a dish surface are necessary for the were cultured in suspension on agar. Progression of
proliferation of cultured normal fibroblast cells (1 – 4). the cell cycle under both conditions was monitored by
Therefore, normal fibroblast cells are unable to prolif- FACS analysis of the cellular DNA content. As shown
erate in semisolid medium such as soft agar and meth- in Fig. 1A, under adhesion conditions, DNA synthesis
ylcellulose even if serum is present, whereas trans- started 10 hr after serum stimulation and peaked at 18
formed fibroblast cells can grow without anchorage. hr. At this point, over 70% of the cells were in S phase.
Although anchorage-independent growth is character- On the other hand, transition of the cell cycle from G1
istic of transformed cells, little is known about the mo- to S phase was markedly inhibited under nonadhesion
lecular basis of the anchorage dependency of cell pro- conditions, although a small percentage of the cells
liferation. Guadagno and Assoian have reported that progressed in S phase after 18 hr of serum induction
induction of DNA synthesis is inhibited when cell at- (Fig. 1B). When these cells were transferred to adhe-
tachment is blocked (5) and also that expression of sion conditions, the cells proliferated well, indicating
cyclin A is linked to adhesion-dependent progression that cell viability was not affected by suspension cul-
of the cell cycle (6). To investigate which pathway of ture. These results indicate that G1/S transition of the
the cell cycle is critical for cell adhesion dependency of cell cycle in F2408 cells is dependent on cell adhesion.
proliferation in normal cells and how viral oncogenes To determine how many hours of cell adhesion after
release the anchorage dependency of cell cycle pro- serum stimulation in G1 phase are enough to induce
gression, we established adhesion and nonadhesion DNA synthesis, the attached cells were shifted to sus-
(suspension) culture conditions for a normal rat fibro- pension culture at 2, 4, 6, and 8 hr, and the percentage
blast cell line F2408 (7) and analyzed the cell cycle of S-phase cells was examined at 18 hr by flow cytome-
progression induced by serum under both conditions. try. The results are shown in Fig. 2. About 90% of the
Confluent cultures of the F2408 line were starved in cells were in S phase in adhesion culture, compared
serum-depleted medium (0.2% FCS) for 24 hr and stim- with only 20% in suspension culture. Although 2 hr of
ulated with 10% FCS under adhesion or nonadhesion cell attachment was not enough to increase the per-
(suspension) conditions. For nonadhesion cultures, the centage of S-phase cells at 18 hr, the progression of
such cells increased gradually as the period of cell
attachment was extended from 4 to 8 hr. These results1 To whom reprint requests should be addressed. Fax: 06-879-8315.
E-mail: hiroinou@biken.osaka-u.ac.jp. indicate that cell attachment in at least the early half
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mediated signal transduction pathway by Grb2 binding
to focal adhesion kinase (19). To clarify which of these
biochemical pathways is critical for adhesion-depen-
dent G1 progression, we initially examined the adhe-
sion dependency of serum-induced activation of MAP
kinase in F2408 cells. MAP kinase activities in the ad-
hesion and nonadhesion cultures was monitored using
two different methods: (i) Western blotting analysis
with a monoclonal antibody against p42 erk2 kinase
(Fig. 3A) and (ii) p42/44 MAP kinase enzyme assay
using the specific substrate peptide for these kinases
(Fig. 3B). The cell extract containing an equal amount
of protein was used for all experiments. The results by
MAP kinase enzyme assay closely paralleled those by
Western blotting. MAP kinase was highly activated at
15 min after serum stimulation and continued to retain
its activity for up to 1 hr under adhesion conditions.
However, its activation was markedly reduced under
nonadhesion conditions, although weak activation was
detected at 15 min. Similar results were obtained using
a mouse fibroblast cell line, Swiss3T3. As shown in
FIG. 1. Adhesion dependency of cell cycle progression in F2408
Fig. 4, activation of MAP kinase after 20 min of serumcells. G0-arrested F2408 cells in serum-depleted medium were incu-
stimulation was also dependent on both serum and cellbated in the presence of 10% FCS under adhesion (A) and nonadhe-
sion (B) conditions. Cell cycle analysis was carried out by measuring adhesion in this cell line. G1/S transition was also markedly
the cellular DNA content by flow cytometry-activated cell sorting. To inhibited in nonadhesion cultures of Swiss3T3 (data not
isolate and stain the cell nuclei, the Cycle TEST PLUS DNA Reagent shown). These results indicate that cell adhesion acts syn-
Kit (Becton Dickinson) was used. Cells were washed with phos-
ergistically with serum stimulation for intense activation ofphate-buffered saline, suspended in sodium citrate buffer, quickly
MAP kinase in rodent fibroblast cell lines.frozen in a bath of dry ice – methanol, and stored at 0807 until use.
The cells were thawed and their DNA was stained by Cycle TEST Viral oncogenes are able to confer anchorage inde-
Reagent using the procedures recommended by the manufacturer. pendence of cell proliferation to rodent fibroblast cell
The fluorescence of the cells was measured with a FACScan system lines. To test whether viral oncogenes release the ad-
(Becton Dickinson) and the percentages of the cells in G1, S, and
hesion dependency of MAP kinase activation, we intro-G2/M phases were determined by the CellFit program (Becton Dick-
duced the v-src, v-K-ras, v-mos, and E6E7 genes ofinson).
human papillomavirus type 16 (HPV16) into F2408
cells, isolated the cell lines transformed by these onco-
of G1 phase is required for adhesion-dependent induc-
tion of DNA synthesis.
Mitogen-activated protein (MAP) kinases are
thought to be crucial in the signal transduction path-
ways induced by mitogens such as growth factors (8 –
12). p42/p44 MAP kinases are immediately activated
in response to mitogenic stimuli by dual phosphoryla-
tion on tyrosine and threonine (8, 12, 13). Introduction
of MAP kinase antisense cDNA into mouse fibroblast
cells inhibits G1/S progression and cell proliferation,
indicating that MAP kinase is necessary for cell prolif-
eration (14). Constitutively activated MAP kinase ki-
nase has been shown to induce transformation to
mouse NIH3T3 cells, suggesting involvement of the FIG. 2. Adhesion-dependent period in G1 phase for G1/S transition.
G0-arrested F2408 cells were initially incubated in the presence of 10%MAP kinase pathway in anchorage-independent
FCS under adhesion conditions for 0, 2, 4, 6, 8, or 18 hr, shifted togrowth (15, 16). Activation of MAP kinase has been
nonadhesion conditions, and incubated for up to 18 hr after serumshown to be triggered by cell attachment to a fibronec-
stimulation. Progression of the cell cycle was monitored by FACS analy-
tin-coated surface without serum stimulation (17, 18). sis of the cellular DNA content, as described in the legend to Fig. 1.
Furthermore, Schlaepfer et al. have demonstrated that The percentages of cells in G1, S, and G2/M phases at each point are
indicated.the integrin-mediated signal is able to link to the Ras-
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genes, and investigated serum-induced activation of
MAP kinase in these cell lines under adhesion or non-
adhesion conditions. After 15 min of serum stimulation,
the activity of MAP kinase was measured by enzyme
assay with the specific substrate peptide. As shown
in Fig. 5, MAP kinase was constitutively activated, irre-
spective of the absence of serum or cell adhesion, in
cell lines transformed by retroviral oncogenes such as
v-src (Fig. 5A), v-K-ras, and v-mos (Fig. 5B), while its
activation was dependent on both serum stimulation
and cell adhesion in a cell line transformed by the E6
and E7 genes of HPV16, as well as in untransformed
F2408 (Fig. 5B).
In the present study, we investigated the activation
of p42/p44 MAP kinases under adhesion or nonadhe-
sion conditions and found that a high level of activation
of these kinases was dependent on cell adhesion. This
suggests that the signal resulting from cell adhesion,
which is probably mediated by integrins, joins with
that resulting from mitogen stimulation upstream of
FIG. 3. Activation of MAP kinase by serum stimulation under adhe-
sion or nonadhesion conditions in F2408 cells. G0-arrested F2408
cells in serum-depleted medium were stimulated with 10% FCS un-
der adhesion or nonadhesion (suspension) conditions. After 15, 30,
45, or 60 min of serum stimulation, the cells were lysed in Laemmli –
SDS buffer (A) or MAP kinase reaction buffer (B). (A) Cells were lysed
in Laemmli – SDS buffer containing 0.1% sodium dodecyl sulfate, 5
mM EDTA, and 1 mM orthovanadate. Lysates were boiled for 5 min,
sonicated, and stored at 0807 until use. The cell lysate containing
an equal amount of protein was subjected to SDS – polyacrylamide
gel electrophoresis (SDS – PAGE) and the separated proteins were
electrotransferred to membrane filters (Immobilon-P, Millipore, Bed-
ford, MA). After blocking with TBS-T (10 mM Tris – HCl, pH 7.6, 150
mM NaCl, 0.1% Tween 20) containing 5% bovine serum albumin, the
filters were incubated with a monoclonal antibody against p42 Erk2
protein (UBI, Lake Placid, NY) in TBS-T containing 2% BSA for up to
5 hr. The filters were then washed in TBS-T and incubated for 1 hr
in horseradish peroxidase-conjugated mouse IgG (Amersham Inter-
national plc, Buckinghamshire, England) diluted 1:20,000 in TBS-T
containing 2% BSA. After several washes in TBS-T, immunoreactivity
was detected by the ECL system (Amersham International plc) using
procedures recommended by the manufacturer. (B) The enzyme ac-
tivity of MAP kinase was assayed by measuring the incorporation
of phosphorus-32 into a peptide which is highly selective for p42/
p44 MAP kinase (Amersham International plc). The cells were lysed
in kinase buffer containing 10 mM Tris – HCl, pH 7.4, 150 mM NaCl, FIG. 4. Activation of MAP kinase in Swiss3T3 cells by serum stimula-
tion under adhesion or nonadhesion conditions. G0-arrested Swiss 3T32 mM EGTA, 2 mM DTT, 1 mM orthovanadate, 1 mM PMSF, 10 mg/
ml leupeptin, and 10 mg/ml aprotinin. After centrifugation at 25,000 cells in serum-depleted medium were stimulated with 10% FCS under
adhesion or nonadhesion (suspension) conditions. After 20 min of se-g for 20 min, the supernatant was stored at 0807 until use. The cell
extract containing an equal amount of protein was mixed with 1 mCi rum stimulation, the cells were lysed in Laemmli–SDS buffer (A) or MAP
kinase reaction buffer (B). (A) Total cellular proteins were separated byof [g-32P]ATP and p42/p44 MAP kinase-specific substrate peptide
containing the sequence PLS/TP. After incubation at 307 for 30 min, SDS–PAGE, transferred to an Immobilon-P filter, and probed with anti-
erk2 monoclonal antibody, as described in the legend to Fig. 3. (B) Thethe reaction mixture was pipetted onto phosphopeptide binding pa-
per. After washing with 1% acetic acid, the radioactivity on the paper enzyme activity of p42/p44 MAP kinases was assayed by measuring
the incorporation of phosphorus-32 into a substrate peptide which isdiscs was measured with a liquid scintillation counter. Closed or
open circles represent the enzyme activities under adhesion or non- highly selective for p42/p44 MAP kinases, as described in the legend
to Fig. 3.adhesion conditions, respectively.
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still dependent on both cell adhesion and serum, even
though the cells can grow in semisolid medium, indicat-
ing that the E6 and E7 genes act downstream of the MAP
kinase pathway. The E6 and E7 genes are thought to
bind to, and inactivate, the tumor suppressor gene prod-
ucts, p53 and pRb, respectively, which are negative regu-
lators of the G1 checkpoint in the cell cycle (20, 21).
Recently, Bo¨hner et al. have reported that Rb phosphory-
lation is jointly regulated by mitogens and the cytoskele-
ton (22), suggesting that Rb protein, one of the targets of
the E7 protein, may also be critical in causing anchorage-
independent growth.
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